The electrolyte is an important component in determining the performance of Fuel Cells. Especially, investigation of the conduction properties of electrolytes plays a key role in determining the performance of the electrolyte. The electrochemical properties of Yttrium stabilized zirconia (YSZ) were measured to allow the use of this material as an electrolyte for solid oxide fuel cells (SOFC) in the temperature range of 700-1000 o C and in 0.21 ≤ pO 2 /atm ≤ 10
Introduction
uel cell displays an excellent efficiency during chemical to electrical energy transformation. Since the conversion is direct without any involvement of combustion, no pollutant such as SOx or NOx is emitted, which makes the process highly popular in the green energy sector.
1) Solid oxide fuel cell (SOFC), especially, exhibits the highest transform efficiency up to the temperature range of 600-1000 o C, and thus can perform accelerated reaction without any presence of noble catalyst.
2) Furthermore, the process becomes more viable since the waste heat at high temperatures can be recycled, and internal reforming reaction is feasible. It also can adopt a variety of fuels such as LNG, LPG, propane gas, bio fuels, etc.
3)
Yttria-stabilized zirconia (YSZ) has been used as a typical electrolyte for SOFC featuring high phase stability and high ionic conductivity at the general operation range of fuel cell. Thus, it has been adopted as a reference material for the new development of an electrolyte and its property evaluation. YSZ, however, has a shortcoming of drastic decrease in ionic conductivity at lower temperatures. This has stimulated many studies to overcome the weakness. However, no new electrolyte material is good enough to replace YSZ.
4,5)
Electrolyte is required to have high ionic and low electric conductivities. Electric conductivity is normally insensitive to chemical potential, and maintains the conductive characteristics at the presence of chemical potential gradient. However, determining its electrolytic domain by conductivity measurement is an important subject for the operation of a solid electrolyte fuel cell. YSZ, an excellent ionic conductor, shows a very low electric conductivity, and thus, researchers have paid less attention on that issue. Note, however, that electric conduction can limit the cell efficiency by reducing the driving force.
In this study, we measured electric conductivity by HebbWagner polarization method. The method uses an ion-blocking electrode, and measures the genuine electric conduction quantitatively by generating chemical potential difference large enough to offset the applied external voltage difference to drive transport. 6, 7) The setup and measurement are relatively simple in principle, but require delicate precautions in actual practice. And we provided the detailed procedure to overcome the difficulties. We thus measured the current-voltage characteristic of YSZ electrolyte and analyzed its physical meaning.
Experimental Procedure
A commercial powder (8YSZ, Totho) with an average particle size of 40 nm was formed into a disc in CIP under 150 F Communication MPa, and sintered at 1450 o C for 10 h in air. We cut the sintered polycrystalline 8YSZ specimen into a 1.5 mm thick disc for Hebb-Wagner polarization experiment. We also cut 1.8x1.8x11 mm samples from the specimen and polished their surfaces to roughness less than 1 µm for conductivity measurement. Fig. 1 shows the X-ray diffraction pattern of 8YSZ, scanned at 2°/min by XRD (D/MAX Ultima III, Rigaku, Japan) and analyzed the pattern by profile matching. Figure 2 is the image of fractured 8YSZ by scanning electron microscopy (SEM, SS-550, Shimadzu, Japan), which indicates a very dense nature of the specimen. Its bulk density measured by the Archimedes method was higher than 97.5%.
We measured electric conductivity of samples by the 4-probe method, combining a digital multimeter (Keithley 2700) and a current source (Keithley 6220) at various temperatures (700 ≤ Temp. ). The partial conductivity of 8YSZ was measured by preparing a Hebb-Wagner polarization cell with an ion-blocking electrode (Pt foil) on one side and a reversible electrode (Pt mesh) on the other.
Results and Discussion

Configuration of Hebb-Wagner polarization cell
In the frame of the Hebb-Wagner polarization scheme, many cell models and test methods are available for electrochemical analysis since the method introduced by Hebb, separating ion and electron conductivities for Ag 2 S. 6) In this study, we first adopted a cell configuration which has much less contact area compared to other micro-contact cells to establish the steady-state of cell faster. Fig. 3 shows image of the cell and its schematic with small and clearly-defined contact area, which can make the response during measurement fast. However, leakage through the area other than that of the electrode was problematic. The leakage caused unwanted interaction between oxygen ion and the surrounding air, which led the conclusion that the cell was not appropriate to produce accurate data. We thus adopted the four-probe setup as shown in Fig. 4 , to eliminate the possibility of underestimation of electric conductivity, which often occur with two electrodes due to over-voltage at the electrodes. Mass and charge transport through the area other than that of the electrode was completely blocked off by double sealing. Figure 5 shows a typical cell which was problematic during trials. Fig. 5(a) is two incidents that occurred when the specimen was not properly fixed.
The two electrodes, ion-blocking electrode on one side and reversible electrode on the other, are normally fixed with application of some load or of high-temperature ceramic bond. If they are not properly secured, gaps can be formed between either electrode and sample, and sealing material can penetrate into the cell. In addition, pressure build-up by polarization during measurement also can open a gap. These incidents happen on the blocking electrode side, only when oxygen migrates toward the blocking electrode. Figure 5 (b) shows problems occurred due to lack of structural integrity of cell during sealing procedure. The sealing material, Pyrex glass, seals the cell when it is melted down and pores are removed by moving upward. If, however, the alumina guide, that prevents glass infiltration into the reversible electrode, is bigger than the sample, pores will have a tendency to remain inside. Thus, it is important to make the cell configuration such that pore can easily move upward. After fixing the components with ceramic binder and bond as shown in Fig. 5 , the side of cell from the reversible electrode to blocking electrode should be sealed from air with a good sealing material to have reliable data production.
Partial conductivity from Hebb-Wagner polarization
In YSZ, the defect reaction with yttria proceeds by the following equation expressed in Kroger and Vink notation:
Here, represents for yttrium on the zirconium site, for neutral oxygen on its own site, and for vacancy on the oxygen site, respectively. Assuming that anti-Frankel defect is the domination defect in a stoichiometric YSZ.
Where K, n, and p are the equilibrium constants, concentrations of electron and hole, respectively.
2) External equilibria
Finally, the electric neutrality condition gives:
Here, [j] is concentrations of point defect, j. Based on the above equation, a defect diagram for YSZ is constructed as shown in Fig. 6 .
Here, is the concentration of interstitial oxygen ion. The 8 mol%-doped YSZ prepared for this study can be considered as a high-doped case, and its characteristics in the electrolytic domain can be represented as . Therefore, conductivities by electron and hole can be expressed in terms of oxygen partial pressure as: (7) (8) Conductivity can also be expressed in terms of carrier concentration ([ ]), charge (q), and mobility (u):
At the ion-blocking electrode (Pt foil) of cell, oxygen inside of the specimen meets electron driven by external current (or voltage) as: (10) In terms of chemical and electro-chemical potential differences, the above equation can be rewritten as:
Under the applied constant current between reversible and ion-blocking electrodes, both ion (oxygen) and electron migrate initially. However, once oxygen flow is blocked by the ion-blocking electrode, the flow decreases, and oxygen partial pressure within the electrode also decreases. This creates difference in oxygen partial pressure between both ends of sample, which leads to a concentration gradient. Oxygen thus flows from the reversible electrode to the ion- blocking electrode. Eventually, oxygen gradients by constant current and from the reversible electrode will be equalized, and a steady-state will be established as the oxygen ion flow becomes zero as: (12) Thus, by measuring voltage of both ends of sample at steady-state, oxygen chemical potential difference can be estimated. Fig. 7 shows the profile of current-voltage characteristic of the 8YSZ, reaching to the steady-state. Since current density at steady-state is due to only electron, the slope of the current-voltage curve can provide partial electric conductivity according to the following equation:
Here, L, A, and U represent length, area, and voltage at both ends of electrodes in the sample, respectively.
It is apparent that the curves of OCV state at the applied constant current consist of a drastic increase in voltage, followed by convergence to the steady-state. It is also confirmed that, if applied constant current is shut off, the curves go back to the original state with no voltage difference. 
Therefore, considering the chemical potential of oxygen molecule and the partial pressure of oxygen, the partial conductivities of electron and hole under the applied constant current and voltage at steady-state is:
The above equation indicates that current is a function of electron and hole conductivities at the specific partial pressure of oxygen. Therefore, voltage measurement at the steady-state under a specific partial pressure of oxygen at applied constant current can provide data sets as shown in Fig. 8 .
Based on these data after proper fitting, we calculated the partial conductivity of electron and hole in the 8YSZ system as:
And, by using the calculated partial electric conductivities and the total conductivity by the 4-probe DC measurement, we calculated the ionic conductivity as:
Under the normal partial pressure of oxygen range (Air-H 2 ) in SOFC, 8YSZ showed superior ionic conductivity, and 
Conclusions
We prepared an electrolyte specimen for SOFC to measure its partial conductivities using a commercial 8YSZ powder. For the measurements with better accuracy, we designed and prepared an improved version of Hebb-Wagner polarization cell. Based on the defect reaction model, which states that conductivities by electron and hole are proportional to the partial pressure of oxygen to the powers of -1/4 and 1/4, respectively, we performed Hebb-Wagner polarization experiments in the temperature range of 700-1000 o C. We confirmed that the partial conductivities for electron and hole are negligibly low (1.65 × 10 −5 and 5.71 × 10 −9
, respectively) at 1000 o C in air, compared to 1.52 × 10 −1
for ionic conductivity. We observed the same trend in the other temperature range, which showed ionic transport numbers higher than 0.99. We thus demonstrated that the prepared 8YSZ is an appropriate electrolyte for SOFC with excellent oxygen ion conductivity under the given conditions of this study. 
